The photothermal effect of single-walled carbon nanotubes (SWCNTs) in combination with the anticancer drug doxorubicin (DOX) for targeting and accelerated destruction of breast cancer cells is demonstrated in this paper. A targeted drug-delivery system was developed for selective killing of breast cancer cells with polyethylene glycol biofunctionalized and DOX-loaded SWCNTs conjugated with folic acid. In our work, in vitro drug-release studies showed that the drug (DOX) binds at physiological pH (pH 7.4) and is released only at a lower pH, ie, lysosomal pH (pH 4.0), which is the characteristic pH of the tumor environment. A sustained release of DOX from the SWCNTs was observed for a period of 3 days. SWCNTs have strong optical absorbance in the near-infrared (NIR) region. In this special spectral window, biological systems are highly transparent. Our study reports that under laser irradiation at 800 nm, SWCNTs exhibited strong light-heat transfer characteristics. These optical properties of SWCNTs open the way for selective photothermal ablation in cancer therapy. It was also observed that internalization and uptake of folate-conjugated NTs into cancer cells was achieved by a receptor-mediated endocytosis mechanism. Results of the in vitro experiments show that laser was effective in destroying the cancer cells, while sparing the normal cells. When the above laser effect was combined with DOX-conjugated SWCNTs, we found enhanced and accelerated killing of breast cancer cells. Thus, this nanodrug-delivery system, consisting of laser, drug, and SWCNTs, looks to be a promising selective modality with high treatment efficacy and low side effects for cancer therapy.
Introduction
Chemotherapy is used in cancer treatment to destroy cancer cells for maximum treatment efficacy, but with side effects to healthy tissues. 1 Although medical science and biomedical engineering have advanced to a significant extent, the therapeutic development of anticancer strategies is still limited, 2 due to reduced solubility, poor nonselective biodistribution, and restriction by dose-limiting toxicity. Thus, detecting cancer in its early stage in combination with controlled and targeted therapeutics may provide a more efficient and less harmful solution to the limitations of conventional techniques. 3, 4 Nanomedicine, an emerging research area that integrates nanomaterials and biomedicine, has attracted increasing interest as a novel therapeutic strategy in cancer. Nanodrug-delivery systems (NDDSs) have been developed to overcome the above limitations and to improve the pharmacological and therapeutic effects of anticancer drugs. An NDDS provides advantages like site-directed drug targeting 5 for improved drug efficiency, decreased side effects, early stage cancer detection, 6 improved drug-loading capacity, and controlled drugrelease rates. A tumor targeted NDDS generally combines tumor-recognition moiety with drug-loaded nanoparticles. [7] [8] [9] [10] [11] [12] [13] In recent years, various nanosized drug-delivery vehicles have been evaluated, [14] [15] [16] of which carbon nanotubes (CNTs) 17, 18 have been shown to be advantageous to cancer therapy and imaging. Single-walled CNTs (SWCNTs), which are thin sheets of benzene rings rolled up into the shape of seamless cylinders with many unique physical and chemical properties, have attracted significant attention as promising drug-delivery nanovehicles for cancer diagnosis and chemotherapy, due to such advantages as remarkable cell-membrane penetrability, high drug-loading capacity, pH-dependent therapeutic unloading, and prolonged circulation half-lives. [19] [20] [21] SWCNT based NDDSs have already been investigated as potential delivery vehicles for intracellular transport of nucleic acids, 22, 23 proteins, [24] [25] [26] and drug molecules, [27] [28] [29] [30] and it has been repeatedly and independently proven by many in vitro results that multifunctional SWCNTs can greatly improve the therapeutic efficiency of drugs while reducing their toxicity. [30] [31] [32] Thus, considering the advantages of SWCNTs, their potential as nanocarriers for effective and safe transport for drug therapy is very promising.
CNTs, especially SWCNTs consisting of quasi-onedimensional quantum wires, 33 have many interesting inherent optical properties that can be useful in biomedical imaging. [34] [35] [36] [37] [38] SWCNTs have strong optical absorption from ultraviolet (UV) to near-infrared (NIR) regions, which can be utilized for photothermal therapy 17, 35, 39, 40 and photoacoustic imaging 41, 42 from the heat they generate from NIR light absorption. Semiconducting SWCNTs with small band gaps of the order of 1 eV show photoluminescence in the NIR to IR-A range, which covers the tissue-transparency window, and are therefore suitable for fluorescence imaging in biological systems. 43, 44 Therefore, SWCNTs appear to be an excellent platform for biomedical molecular imaging.
Photothermal therapy for cancer has been widely investigated as an ideal, local, noninvasive treatment approach in comparison with other methods, 45 due to its precise energy delivery to target cells and the sensitivity of tumor cells to temperature elevation. 46 Laser light in the NIR region is highly beneficial for in vivo use because of the low absorbance of biological tissues in the NIR region, thus making it a more promising approach towards cancer cell destruction with negligible side effects to healthy tissues.
In bionanotechnology-based cancer therapy, nanostructures with unique photothermal properties have been considered for the destruction of cancer cells. 17, 18, 29, 47, 48 The intrinsic properties of SWCNTs are suitable for these techniques due to their strong optical absorbance in the NIR region, which can release significant heat and enhance the thermal destruction of cells during NIR laser irradiation.
Unmodified SWCNTs have highly hydrophobic surfaces and are not soluble in aqueous solutions. For biomedical applications, functionalization is required to solubilize SWCNTs and to achieve biocompatibility and low toxicity. Surface functionalization of SWCNTs can be made by covalent or noncovalent chemical reactions. Oxidation is one of the most common methods to functionalize SWCNTs covalently, 49 where the CNTs are treated with oxidizing agents like nitric acid. Noncovalent functionalization of SWCNTs can be carried out by coating the SWCNTs with amphiphilic surfactant molecules or polymers. 50 Since SWCNTs are insoluble in water, they aggregate in the presence of salts, and thus cannot be directly used for biological applications due to the high salt content of most of the biological solutions. Further modification can be achieved by attaching hydrophilic polymers such as polyethylene glycol (PEG) to oxidized SWCNTs, yielding SWCNT-polymer conjugates stable in biological environments. 32, 51 PEGylation is a common strategy to impart versatile functionalities, high water solubility, biocompatibility, and prolonged circulation in blood. PEG is composed of repeating ethylene glycol units −(CH 2 −CH 2 −O) n −, where the integer n is the degree of polymerization. PEG-coated SWCNTs are obtained by adsorption of amphiphilic polymer functionalized with activated PEG chains onto SWCNTs. 52 Polymers bind to SWCNTs through hydrophobic interactions between the lipophilic moieties and the graphitic SWCNT sidewalls, leaving the PEG chains and other hydrophilic groups projecting from the sidewall, thus imparting water solubility and biocompatibility. 53 PEGylated SWCNTs are highly stable in highly saline solutions and in serum. This is highly desirable for biological applications, because it reduces their nonspecific uptake by cells within the reticuloendothelial system, which diminishes their phagocytosis, thus leading to prolonged circulation time in blood. 54 PEGylation of SWCNTs does not disrupt the π network of SWCNTs, thus preserving their physical properties, which are promising for multiple biomedical applications, including imagining. 3 In our present work, harnessing the advantages of PEGylated SWCNTs, we have developed an SWCNTbased tumor-targeted NDDS that consists of PEG-modified submit your manuscript | www.dovepress.com
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SWCNTs functionalized with folic acid (FA) as a targeting group for the targeted delivery of the anticancer drug doxorubicin (DOX).
FA as a targeting moiety was selected because folate receptors are overexpressed on many tumors, including ovarian, breast, brain, kidney, lung, and liver. 55 The nanoparticle-FA conjugates have shown the ability to enter some tumor cells via the FA receptor-mediated pathway, [56] [57] [58] [59] [60] and following internalization the drug is selectively released into the acidic environment of the lysosomes and endosomes. 3 The uptake of FA-conjugated SWCNTs into cancer cells is investigated via a confocal fluorescence-imaging route. In vitro cytotoxicity of PEGylated SWCNTs conjugated with FA as a targeting moiety and loaded with DOX was tested against MCF7 cells.
The ability to kill tumor cells by our system (DOX-FA-PEGSWCNTs) has been further enhanced through NIR irradiation-mediated targeted cancer destruction by using the photothermal effect of the SWCNTs. This approach, which uses a combination of DOX and photothermal properties of SWCNTs, might provide a mechanism for enhanced cancer therapy and biological imaging applications.
Materials and methods
The SWCNTs (length 0.5-100 µm, diameter 1-2 nm), DSPE-PEG 2000 -NH 2 -FA (1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N- [PEG 2000 ]FA), DSPE-PEG 2000 -NH 2 (1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-amine [PEG 2000 ]), fluorescein-FA-PEG and fluorescein-PEG-amine were obtained from Sigma-Aldrich (St Louis, MO, USA). DOX hydrochloride was obtained from Wako Chemicals (Osaka, Japan). Concentrated acids and all other reagents were purchased from Thermo Fisher Scientific (Waltham, MA, USA). Chemicals for cell-culturing work -LysoTracker, Trypan blue, trypsin (0.25%), Dulbecco's Modified Eagle's Medium (DMEM), and fetal bovine serum -were purchased from Sigma-Aldrich and Life Technologies (Carlsbad, CA, USA). An Alamar blue toxicology kit was purchased from Life Technologies. All chemicals used for this work were of reagent grade.
Purification of SWCNTs
Purification of SWCNTs was carried out according to a previously reported procedure. 61 The SWCNTs (30 mg) were added to a solution containing 96% H 2 SO 4 and 70% HNO 3 (3:1, V/V; 120 mL) and subjected to sonication at 0°C for 24 hours. Then, the SWCNTs were thoroughly washed with deionized water and filtered through a microporous filtration membrane (0.22 µm). After filtration, they were redispersed in HNO 3 (2.6 M, 200 mL) and refluxed for 24 hours, collected by filtration, and washed with ultrapure water to neutrality. The obtained product was then dried at 50°C for 24 hours.
Preparation of PEGylated SWCNTs
Purified SWCNTs (0.2 mg) were sonicated in 0.10 mL of dimethylformamide for 2 hours to give a homogeneous suspension. Oxalyl chloride (0.008 mL) was added dropwise to the purified SWCNT suspension at 0°C under N 2 atmosphere. The mixture was stirred at 0°C for 2 hours and then at room temperature for another 2 hours. Finally, the temperature was raised to 70°C and the mixture was stirred overnight on a magnetic stirrer to remove excess oxalyl chloride. FA-conjugated PEG (FA-PEG) dispersed in chloroform and methanol was used for bioconjugation. FA-PEG (0.2 mM) was added to the SWCNT suspension, and the mixture was stirred at 100°C for 5 days. After it was cooled to room temperature, the mixture was filtered through a 0.2 µm-pore membrane and washed thoroughly with ethyl alcohol and deionized water. The PEGylated SWCNTs were collected on the membrane and dried overnight under vacuum. 62 Drug loading onto the PEGylated SWCNTs DOX-loaded PEGylated NTs were prepared for anticancer treatment. Drug-loading efficiency and release profile from the PEGylated NTs were studied. DOX hydrochloride (15 mg) was stirred with the PEGylated NTs (5 mg) dispersed in a phosphate-buffered saline (PBS) solution of pH 7.4 (10 mL) and stirred for 16 hours at room temperature in dark conditions to generate the targeted drugdelivery system (DOX-FA-PEG-SWCNTs). Unbound excess DOX was removed by repeated centrifugation and washing with water until the filtrate was no longer red (red color corresponds to free DOX). Then, the resulting DOX-FA-PEG-SWCNT complexes were finally centrifuged at 12,000 rpm for 10 minutes, the supernatant was decanted, and the DOX-FA-PEG-SWCNT complexes were freeze-dried. 63 
Characterization of the modified nanotubes
Morphological features of pristine and purified SWCNTs were characterized using a field-emission transmission electron microscope (TEM; JEM 2200 FS; JEOL, Tokyo, Japan). One drop of NT suspension was placed on a carbonsubmit your manuscript | www.dovepress.com Dovepress Dovepress coated copper grid after hydrophilizing the grid for 30 seconds in a TEM grid hydrophilizer (Datum HDT-400; JEOL) and dried thoroughly. NTs were observed using TEM at 200 kV, and the tubular nature of the SWNTs was observed and images were recorded. Surface characteristics of the NTs were analyzed using a scanning electron microscope (SEM; JSM 7400F; JEOL). NT samples were prepared on silica substrates and sputter-coated with platinum by an Auto Fine Coater (JEOL) for 50 seconds, then the silica substrates were fixed to sample stubs using double-sided carbon tape and were viewed at an accelerating voltage of 3-5 kV under SEM. For atomic force microscopy (AFM), the sample was deposited on a glass surface and vacuumdried. The tapping mode of the cantilever was used in the AFM analysis (MFP-3D-CF AFM; Asylum Research, Goleta, CA, USA).
The presence of FA-PEG on FA-PEG-SWCNTs was confirmed by studying the characteristic absorption peaks associated with functional groups of SWCNTs, FA, and PEG using X-ray photoelectron spectroscopy (XPS) (Axis His-165 Ultra, Kratos Analytical; Shimadzu, Kyoto, Japan). Analysis was carried out under a basic pressure of 1.7 × 10
−8
Torr, and the X-ray source used was anode mono-Al with pass energy of 40 (survey scan). XPS spectra for FA-PEGSWCNTs with peaks of C, O, and N were obtained. The zeta potential (Zetasizer Nano, Malvern Instruments, Malvern, UK) of pristine SWCNTs, purified SWCNTs and PEGylated SWCNTs was analyzed to confirm the change in their surface potential due to proper biofunctionalization. DOX conjugation to the PEGylated SWCNTs was determined by UV-visible (UV-vis) absorption spectrophotometry (UV-3100; Shimadzu).
Drug-loading efficiency analysis
The amount of DOX loaded onto the PEGylated NTs was quantified spectrophotometrically with the help of a UV-vis absorption spectroscope at an absorbance of 490 nm based on a standard curve of DOX. 64 Initially, a standard absorbance curve was plotted using standard concentrations of DOX in PBS solution to determine the exact amount of the drug loaded onto the NTs (data not shown). To calculate the loading efficiency of the drug, 100 µL of the drug-loaded samples was drawn before and after the centrifugation step and analyzed. The following formula was used for calculating the drug efficiency:
Drug loading efficiency
A total drug A free drug A total drug (%) = − ×100 0 where A total drug is the initial drug concentration and A free drug is the free-drug concentration in the supernatant.
In vitro drug-release studies
The in vitro drug-release profile of DOX from DOX-PEGSWCNTs was studied at the physiological temperature of 37°C and pH of 7.4, 5.3, and 4.0 in PBS. pH values of 5.3 and 4.0 (the endosomal pH of cancer cells) and pH 7.4 (the physiological pH) were selected for in vitro drug-release studies.
All experiments were performed in triplicate. Suspensions of the DOX-loaded SWCNTs (1 mg) were prepared in 5 mL of PBS solutions and maintained at 37°C under continuous shaking at 100 rpm for 3 days. At predetermined intervals, 1 mL of the sample supernatant was collected and centrifuged, and the concentration of released DOX in the supernatant was estimated by UV-vis spectrophotometry at 490 nm. At the same time, the suspension was compensated with 1 mL of fresh PBS. The concentration of drug released at a given time was calculated using a standard curve for DOX.
Synthesis of fluorescent SWCNTs
Fluorescein isothiocyanate (FITC)-FA-PEG was used to label SWCNTs. FITC-FA-PEG (1 mM) was sonicated with 0.25 mg/mL of SWCNTs in water for 1 hour, and the resulting black suspension was centrifuged at 25,000 g for 6 hours.
The pellets formed at the bottom of the centrifuge tube containing aggregated CNTs and impurities were discarded. The supernatant was collected and filtered through a centrifugal filter (100 kDa molecular weight cutoff; EMD Millipore, Billerica, MA, USA). The sample was washed several times with water to remove the excess PEGylated fluorescein, resuspended in water, and stored for further studies with NIR laser. 65 UV-vis measurements of FITC-FA-PEG-SWCNTs, SWCNTs, and FITC-FA-PEG were carried out. 
Laser measurements
Mammalian cell lines
Breast adenocarcinoma cells (MCF7) and mouse connective tissue (L929) fibroblast cells were procured from Riken Bioresource Center, Japan.
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Cell culture Breast cancer cell lines (MCF7) and mouse fibroblast cell lines (L929) were cultivated for in vitro experimental studies. MCF7 cells and L929 cells were cultured in T25 flasks and maintained separately in monolayers to 80% confluence using DMEM supplemented with 10% fetal bovine serum and 1% penicillin-streptomycin solution in a 5% CO 2 humidified atmosphere at 37°C. For use in experiments, the respective cells were trypsinized, counted, and loaded onto their respective plates for testing. Cells were seeded into six-well plates for biocompatibility studies, in 96-well plates for cytotoxic studies, and in a 33 mm glass-base dish for confocal studies. For cytotoxicity studies, 5000 cells/well were seeded, and for confocal studies 30,000 cells/glass-base dish were plated and grown for 24 hours before treating them with the nanoparticles.
Alamar blue assay
Alamar blue assay evaluates the proliferation and metabolic activity of cells. In living cells, the mitochondrial reductase enzymes are active and reduce blue Alamar blue to a differently colored product. This reducing ability of the cells explains the active metabolism that takes place within the cells. When the samples added to the cells are toxic in nature, the reducing ability of the cells to reduce the dye decreases. The fluorescence intensity of Alamar blue assay was quantified at 590-620 nm.
Biocompatibility studies of PEGylated SWCNTs
Biocompatibility studies were carried out using phasecontrast microscopy and Alamar blue assay. Phase-contrast microscopy was studied to analyze the biocompatibility of the PEGylated NTs. MCF7 and L929 cells were plated onto six-well plates, and the plates were incubated at 37°C in CO 2 incubated with 5% CO 2 and allowed to grow to 70% confluence. The PEGylated NTs were added at a concentration of 0.1 mg/mL on day 2. The cells were again an incubated for 24 hours and washed before viewing under an inverted phase-contrast microscope (Eclipse TE2000-U; Nikon, Tokyo, Japan).
The biocompatibility of pristine and PEGylated NTs was also estimated by Alamar blue assay. Three different concentrations (0.1, 0.5, and 1.0 mg/mL) of pristine and PEGylated NTs were prepared with PBS and applied to MCF7 and L929 cells already grown in 96-well microplates for 24 hours, and then these plates were further incubated for 24 hours. After the addition of 10% Alamar blue dye to each well, the plates were incubated for 4 hours, and viability was assessed using a microplate reader (multidetection microplate scanner; Dainippon Sumitomo Pharma, Osaka, Japan) by measuring the absorbance and fluorescence intensity of the resultant product. Experiments were conducted in triplicate.
Selective internalization of SWCNTs into cancer cells
The internalization of the NTs with cancer MCF7 and control L929 cells was studied using confocal laser scanning microscopy. Cells were seeded in a glass-base dish with standard medium and incubated at 37°C for imaging studies. After 24 hours of growth, 0.1 mg/mL of DOX-PEGSWCNTs and DOX-FA-PEG-SWCNTs were suspended in a medium, and from that concentration, 20 µL was taken, added to the cells, and incubated for different time intervals (1, 3, and 5 hours) at 37°C for uptake by the cells. At the end of the incubation period, the media was removed and the cells were washed thrice with PBS and stained with LysoTracker as per the manufacturer's instructions, to mark the location of lysosomes within the cells and to understand the localization of NTs within the cells. In addition, the endosome-mediated uptake of the NTs was also confirmed. All the images were taken using a 100× oil-immersion objective lens. The cells were viewed under a confocal microscope (IX81; Olympus Corp., Tokyo, Japan) with a confocal scanning unit (CSU-X1, Yokogawa Electric Corp., Tokyo, Japan) and a CCD camera (iXon DU897, Andor Technology, Belfast, UK). Emission lasers of 561/488 nm were used to observe the fluorescence emitted by the DOX-conjugated NTs and LysoTracker.
In vitro cytotoxicity studies
The in vitro cytotoxicity profile of the DOX-FA-PEGSWCNTs in comparison with free DOX was studied using Alamar blue assay. MCF7 cells were exposed to three different concentrations (0.1, 0.5, and 1.0 mg/mL) for the above two samples for 72 hours. Experiments were conducted in triplicate.
The percentage of cell viability was calculated using the formula:
% of cell viability A sample A control 100 = × where A sample is the absorbance of the sample used, and A control is the absorbance of control sample.
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Cancer destruction using the NIR effect of SWCNTs
In this study, we explored the effects of irradiation by an 800 nm laser on FITC-FA-PEG-SWCNTs. The accelerated and combined destructive effects of DOX-FA-PEG-SWCNTs on excitation with laser were analyzed. SWCNTs can efficiently convert 800 nm laser energy into heat, and selectively destroy target cells. The effect of NIR laser was studied using MCF7 cancer cell lines. Untreated cells were used as controls. Cells were seeded at a density of 1.6 × 10 4 cells/mL in 35 mm petri dishes. After 24 hours of growth, MCF7 cells without SWCNTs, with FITC-FA-PEG-SWCNTs, and with DOX-FA-PEG-SWCNTs at a concentration of 0.1 mg/mL were added to the cells and again incubated for 3 hours, rinsed with PBS, and stained with LysoTracker as per the manufacturer's instructions. The cells were again washed and placed in fresh medium and irradiated by 800 nm laser at 1.726 W/cm 2 for 3 minutes, and the temperature changes were recorded using an IR thermal camera [Thermal imager test 881-2(Testo AG, Lenzkirch, Germany)]. All the experiments were conducted at room temperature. The cells were viewed under confocal microscope before and after the laser treatments using a 100× oil objective and 488/561 nm excitations.
In vitro cytotoxicity assays of nanotubes under laser irradiation
The in vitro cytotoxicity profile of the MCF7 cells without SWCNTs and with FITC-FA-PEG-SWCNTs and DOX-FA-PEG-SWCNTs after laser irradiation was studied using Alamar blue assay. MCF7 cells were exposed to 0.1 mg/mL of the functionalized SWCNTs for the above two samples. Untreated cells were used as controls. Experiments were conducted in triplicate. The experiments were carried out at time intervals of 6, 12, and 24 hours. The fluorescence intensity of Alamar blue assay was quantified at 590-620 nm.
Results and discussion
An ideal NDDS should have high drug-loading capability, strong affinity for target cells, and should release drugs triggered by a characteristic feature of the diseased cells, thus improving the efficacy of the drug and minimizing the systemic toxicity. In this study, as shown in Figure 1 , a targeted drug-delivery system based on SWCNTs biofunctionalized with PEG, conjugated with FA as targeting moiety, and loaded with DOX for selective killing of tumor cells was developed. Also, the photothermal effect of SWCNTs in combination with the anticancer drug DOX for targeting and selective destruction of breast cancer cells was demonstrated. Here, the SWCNTs were purified before using as delivery vehicles for chemotherapy, as the metal catalysts used for the synthesis of CNTs have been proven to be toxic. The SWCNTs can be purified or surface-modified by exposing them to oxidizing conditions (solutions containing sulfuric acid and nitric acid). This results in the formation of carboxylic groups on the surface of SWCNTs, which increases their dispersibility in aqueous solutions.
By TEM and SEM observations, we found that the purified NTs were dispersed individually or in small bundles compared with pristine SWCNTs, which were bundled, and aggregated with black metal catalyst and amorphous carbon particles. We observed a concomitant decrease in the quantity of metal particles and amorphous carbon in the purified NTs when compared to pristine SWCNTs (Figure 2) .
To analyze the effect of PEGylation on the morphology of SWCNTs, we carried out SEM and AFM analyses of the PEGylated SWCNTs. On SEM and AFM analyses, we observed uniformly distributed PEGylated SWCNTs ( Figure 3A and B) . These pictures clearly showed that PEGylated SWCNTs were well dispersed and distributed.
To study the change in the surface properties of the modified SWCNTs by PEG coating, we analyzed the zeta potential of the pristine, purified, and PEGylated NTs. The zeta potential is an indicator of the stability of colloidal systems. The pristine SWCNTs had a zeta potential of −26.9 mV. The zeta potential increased to −54.2 mV for purified SWCNTs, and this may be due to the existence of many COO − groups on the sidewalls of SWCNTs. 63 The PEGylated SWCNTs showed a zeta potential of −34.2 mV. 
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PEGylated SWCNTs have less negative potential than purified SWCNTs since the PEGylation converts the carboxylic acid groups into esters. 62 The solubility of biofunctionalized SWCNTs was increased, presumably due to the oxygencontaining glycol chain, which can form hydrogen bonds with the water molecules and capture cations present in the solution. 62 The shift towards more negative potential for PEGylated SWCNTs clearly proves the conjugation of PEG moieties onto the SWCNTs.
Electron spectroscopy for chemical analysis was used to confirm the presence of functional groups on the oxidized SWCNTs. The attachment of FA-PEG to oxidized SWCNTs was confirmed by the N 2 peak. The wide spectrum obtained clearly shows the peaks corresponding to carbon, oxygen, and nitrogen. Nitrogen peak is absent in oxidized SWCNTs, and the presence of nitrogen peak in the PEGylated SWCNTs 66 confirms the PEGylation of the oxidized SWCNTs ( Figure 3C ).
DOX loading onto the PEGylated nanotubes
DOX loading onto the PEGylated SWCNTs was monitored by UV-vis absorption spectroscopy. Figure 4A shows the absorption spectra of pristine SWCNTs, plain DOX, and DOX loaded onto PEGylated SWCNTs. Plain DOX in water displays absorptions at 490 nm. The stacking of DOX onto PEGylated NTs was evident from the UV-vis spectrum, which clearly shows the characteristic absorption peaks of DOX indicative of the interaction between DOX and SWCNTs.
Drug-loading and drug-release studies
The loading of DOX onto the NTs can be determined by the analysis of the supernatant for free drug using a UV-vis spectrophotometer after ultracentrifugation of the DOXloaded SWCNTs. We obtained a DOX loading efficiency of 58% onto the PEGylated NTs.
In vitro drug release studies
The drug-release profile of DOX from the DOX-loaded NTs was studied at 37°C in PBS at three different pH conditions -7.4, 5.3, and 4.0 -with continuous shaking at 100 rpm for 72 hours. The temperature of 37°C was selected for drug-release response because it is close to the physiological temperature. The pH of 7.4 corresponds to physiological pH, and pH of 4.0 and 5.3 corresponds to lysosomal pH of cancer cells. The drug-release curves ( Figure 5 ) indicate that the release of DOX from the PEGylated NTs is pH-triggered, (C) X-ray photoelectron spectroscopy peaks of the SWCNTs: wide-scan spectra of pristine SWCNTs (i), purified SWCNTs (ii), and PEGylated SWCNTs (iii). Inset corresponds to the N1s signal spectra of PEGylated SWCNTs.
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and the drug-release studies were carried out till it reached the stationary phase. At pH 7.4, the drug-release curve shows that DOX loaded on SWCNTs is released at a very low and slow rate for 6 hours and attains a stationary phase in the ensuing hours, with very minimum drug release up to 24 hours. However, at pH 4.0, the DOX-release rate was significantly enhanced during the initial 6 hours. We observed an initial burst of drug release up to 4 hours, followed by a sustainedrelease pattern till 12 hours. This drug-release pattern was repeated with a small burst of drug after 12 hours and again followed by a sustained release till 72 hours. The drug-release profile of pH 5.3 overlapped with that of pH 4.0. These results can be ascribed to the hydrogen-bonding interaction between DOX and SWCNTs, which is stronger in neutral conditions, resulting in a controlled release. However, the drug-release pattern under acidic media indicates a higher amount of DOX release than at neutral conditions. Under acidic conditions, the amine (−NH 2 ) groups of DOX get protonated, resulting in the partial dissociation of hydrogenbonding interaction, hence the amount of DOX released from SWCNTs is much higher. This efficient loading and release of DOX indicates strong π-π stacking interaction between SWCNTs and DOX.
2,29
The loading and release of DOX depends upon the hydrogen-bonding interaction with SWCNTs and is a function of group and weaken the hydrogen-bonding interaction outlined above, which may lead to a greater release of DOX. 2 Around 70% of the drug was released within 72 hours in pH 4.0 buffer, whereas only 17% of the drug was released in pH 7.4 buffer, indicating a higher percentage of release of DOX under acidic conditions. In summary, the FA-PEG-SWCNTs displayed pH-sensitive release of DOX, suggesting they may be a promising delivery vehicle for the anticancer drugs and showing potential for tumor-targeting and controlled-release applications.
Characterization of the fluorescent SWCNTs
The functionalization of SWCNTs with FITC-PEG was analyzed by UV-vis absorption spectroscopy. Figure 4B -D shows the absorption spectra of pristine SWCNTs, FITC-PEG, and FITC-PEG-SWCNTs. The absorbance peaks of FITC-PEGSWCNTs at 250 nm and 550 nm correspond to the characteristic peaks of SWCNTs and FITC-PEG, respectively.
Temperature measurement during NIR radiation
To detect the effects of 800 nm optical excitation of SWCNTs, we carried out two different sets of control experiments. The first set was carried out by irradiating DMEM without and with SWCNTs ex vitro. Three different NT concentrations (0.1, 0.5, and 1 mg/mL) were selected. We observed that irradiation of DMEM without SWCNTs caused a temperature increase from 20.1°C to 20.5°C. However, DMEM with SWCNTs at 0.1, 0.5, and 1 mg/mL concentrations irradiated by 1.726 W/cm 2 800 nm laser for 3 minutes caused the temperature to elevate from 21.4°C to 45.3°C, 21.5°C to 69.2°C, and 21.1°C to 85.7°C, respectively ( Figure 6A ). In the second set of experiments, MCF7 cancer cells were seeded at a density of 1.6 × 10 4 cells/mL in 35 mm petri dishes. After 24 hours of growth, MCF7 cells without SWCNTs and MCF7 cells with FITC-PEG-SWCNTs and FITC-FA-PEGSWCNTs at a concentration of 0.1 mg/mL were added to the cells and again incubated for 3 hours, rinsed with PBS to remove the unbound SWCNTs, and followed by irradiation with a 800 nm laser for 3 minutes. We observed a temperature increase from 20.6°C to 20.8°C for MCF7 cells without SWCNTs, whereas temperature elevation from 21.3°C to 26°C and 21°C to 45.1°C for MCF7 cells with FITC-PEGSWCNTs and with FITC-FA-PEG-SWCNTs, respectively, were noted ( Figure 6B ). These findings clearly demonstrated the strong light-heat transfer characteristics of the FITC-FA-PEG-SWCNTs by 800 nm light. Also, the heating efficiency of FITC-FA-PEG-SWCNTs relies strongly on time and dose, indicating that with increasing concentration and time, the temperature was significantly higher.
Biocompatibility studies
Phase-contrast studies were carried out to analyze the biocompatibility of functionalized SWCNTs. L929 cells and MCF7 cells were plated onto six-well plates until they attained 70% confluence. Pristine SWCNTs and PEGylated SWCNTs (PEG-SWCNTs) at a concentration of 0.1 mg/mL were added to each well, and the plates were incubated for 24 hours. The biocompatibility of the functionalized SWCNTs can be seen in the phase-contrast images taken after 24 hours (Figure 7 ). The image clearly shows the PEGylated SWCNT-treated cells growing competently at par with the control cells. However, submit your manuscript | www.dovepress.com
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overexpressed FA receptors on the surface of the cell membrane and compared the uptake in FA-negative L929 cells. The selective internalization and uptake of SWCNTs into cancer cells were recorded by confocal imaging to determine the intracellular fate of the NTs (Figure 8 ). Time-dependent cellular uptake of the NTs was also studied at 1-, 3-, and 5-hour incubation periods. After incubating the cells with DOX-FA-PEG-SWCNTs for 1 hour, the SWCNTs were initially seen attached to the plasma membrane of the cells; also, the fluorescence intensity was very low. After 3 hours of incubation, strong fluorescence was observed in the cytoplasm, indicating the entry of SWCNTs into cells. After 5 hours, confocal images revealed decreased fluorescence inside cells, corresponding to redistribution and discharge of SWCNTs out of the cells (Figure 9 ). No fluorescence was observed in the nucleus for any cells, indicating the lack of SWCNTs translocating into the nucleus. To further elucidate the endosome-mediated pathway of the NTs, lysosomal staining was performed with green LysoTracker. The overlapping signals of red from the DOX-FA-PEG-SWCNTs and green from the lysosomes confirmed the receptor-mediated endosomal uptake of the NTs into the cells. High targeting capability is vital for the selective destruction of cancer cells. It means that the targeting agents would bind to cancer cells some dead cells were observed in the images of cells treated with pristine SWCNTs. The biocompatibility of the pristine and PEGylated NTs was further studied using Alamar blue assay. These samples were incubated with L929 cells and MCF7 for 24 hours.
The viability of L929 and MCF7 cells when treated with the highest concentration of 1 mg/mL of pristine SWCNTs was found to be 64% and 59%, respectively. However, the viability of the cells increased to 87% and 84% in L929 and MCF7 cells, when treated with the same highest concentration, ie, 1 mg/mL of PEGylated SWCNTs, thereby indicating successful PEGylation of the SWCNTs with PEG. Thus, we can confirm that the PEGylated SWCNTs are highly biocompatible and least cytotoxic in nature.
Selective internalization of SWCNTs into cancer cells
Receptor-mediated endocytosis is the most common pathway of endocytosis. 67 It provides a means for the selective and efficient uptake of particles that may be present in the extracellular medium. Receptors are present on the cells for the uptake of different types of ligands, such as plasma proteins, enzymes, hormones, and growth factors. 67 Here, we investigated the uptake of FA-conjugated NTs into MCF7 cells that submit your manuscript | www.dovepress.com Dovepress Dovepress absorbance readings were taken for analyses. Figure 10 shows the percentage of cell viability measured for free DOX and DOX-FA-PEG-SWCNTs, respectively, using Alamar blue assay. In the case of DOX-FA-PEG-SWCNTs, we observed that cell viability decreased with increasing concentration for the initial 24 hours. After 24 hours, there was sustained release of drug, resulting in a slower mortality rate. Viability was abruptly reduced to 59% even at the lowest concentration (0.1 mg/mL) in 24 hours. The viability of the cancer cells was further decreased to 29% in 72 hours at the same minimum concentration. DOX-FA-PEG-SWCNTs induced serious cytotoxicity, even at a dose much lower than free DOX. In the following study, when 1 mg/mL of free DOX was used, cell viability was 75% after 24 hours, and 63% of cells were viable after 72 hours. This is because the permeability of cells 
In vitro cytotoxicity studies
The in vitro cytotoxicity profile of the DOX-FA-PEGSWCNTs in comparison with free DOX was studied using Alamar blue assay. MCF7 cells were used for the cytotoxicity analyses. Three different concentrations each of the DOX-FA-PEG-SWCNTs and DOX as test sample were used. The assays were carried out for 72 hours, and the fluorescence and 
Dovepress
for free DOX is very poor, and so it cannot effectively kill the cancer cells. We also found that with the increase in concentration, the viability of DOX-FA-PEG-SWCNT-treated cells apparently decreased, indicating that the therapeutic efficiency of DOX-FA-PEG-SWCNTs was dosage-dependent. The high efficiency of DOX-FA-PEG-SWCNTs may be due to the following reasons: (1) the FA-attached SWCNTs could target the DOX-FA-PEG-SWCNT conjugates to the targeted sites, while free DOX is nonspecific and damages normal tissues, leading to serious side effects, 2 (2) DOX could easily enter cancer cells after conjugation onto SWCNTs because of their high cell-membrane permeability, 68, 69 (3) the release of DOX from the SWCNTs is pH-triggered, which explains the abrupt decrease in cancer cell viability at 24 hours and which then follows a slow drug-release pattern, slow drug release pattern and therefore, slower killing rates up to 72 h. From the results obtained, it can be concluded that DOX-FA-PEG-SWCNTs have proved to be the most cytotoxic and without any damage to normal tissues when compared to free DOX.
Cancer destruction using the NIR effect of SWCNTs
We investigated the effects of SWCNTs on cancer cells during NIR laser treatment. After achieving confluence, MCF7 cells were incubated with FITC-PEG-SWCNTs and FITC-FA-PEG-SWCNTs for 3 hours, followed by irradiation with an 800 nm laser for 3 minutes. Figure 11 (1A-1C) shows the confocal images of MCF7 cells treated with FITC-PEG-SWCNTs before and after laser irradiation. The images show that the cells survived even after 3 minutes' laser exposure; these results can be attributed to the low uptake of FITC-PEG-SWCNTs into the MCF7 cells. From the confocal images of cancer cells with FITC-FA-PEG-SWCNT uptake before and after laser treatment, as shown in Figure 11 submit your manuscript | www.dovepress.com
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was 54%, 27%, and 5% at 6, 12, and 24 hours, respectively, at a concentration of 0.1 mg/mL ( Table 1 ). The rate of viability of cells with only laser treatment remained high, showing no obvious difference from the control group, indicating the NIR property of the laser where biological tissues are highly transparent. In the case of cells treated with FITC-PEG-SWCNTs, a high cell-viability rate was observed. However, cell viability was drastically decreased for FITC-FA-PEG-SWCNTs. We also studied the combined cytotoxic effect of laser and DOX-loaded SWCNTs. When the MCF7 cells were treated with DOX-FA-PEG-SWCNTs in the presence of laser irradiation for 3 minutes, cell viability was reduced significantly. The confocal images clearly show apoptosis in the cancer cells treated with DOX-FA-PEG-SWCNTs after 3 minutes' laser exposure (Figure 11 [3A-C] ). The reason for this may be that cell tolerance drops dramatically at a certain temperature during heat treatment. 70 Also, laser-treatment application might have triggered the release of drug from the DOX-PEG-FA-SWCNTs, resulting in increased cell death. The cytotoxic effect of DOX-PEG-FA-SWCNTs in combination with laser on MCF7 cells was further analyzed by Alamar blue assay. From the results shown in Table 1 , significant reduction in cell viability was observed, and cell viability was 37%, 11% and 2% for 6, 12, and 24 hours, respectively. The inhibition rate of the cells under this mode was greater when compared to that of the cells treated with DOX-free SWCNTs under laser. These results show that SWCNTs have a significant photothermal effect, and when combined with chemotherapy they are ideal for cancer treatment, without causing toxicity to normal cells.
Conclusion
An ideal NDDS against cancer is expected to enter and destroy cancer cells while minimizing the side effects to normal tissues. We successfully synthesized a highly effective targeted NDDS based on PEG-coated SWCNTs functionalized with a targeting moiety -FA receptor -for recognizing and targeting tumor cells conjugated with an anticancer drug (DOX). Our results show that FA-functionalized SWCNTs could be selectively internalized into cancer cells via an FA-FA receptor-mediated pathway, without internalization into normal cells. The obtained system (DOX-FA-PEG-SWCNTs) displays excellent stability under physiological conditions. It was found that it could also effectively release DOX at reduced pH typical of the tumor environment of intracellular lysosomes and endosomes. We further demonstrated a photothermal technique for targeted cancer destruction by using the photothermal effect of SWCNTs. SWCNTs have a high optical absorbance in the NIR region, where biological tissues are highly transparent. From the observation of our data, it is clear that SWCNTs act efficiently to convert laser energy into heat after exposure to 800 nm laser irradiation in vitro. This advantage was used in selective photothermal therapy, for killing only cancer cells while sparing normal cells. Our results also showed that both concentration of SWCNTs and duration of laser are controlling factors for thermally induced cytotoxicity. Also, the combined effect of targeted drug-loaded DOX-FA-PEG-SWCNTs with photothermal therapy was studied, and it was observed that the combined effect synergistically killed almost 95% of cancer cells at an accelerated rate. We conclude that this NDDS is more selective and effective than the free drug, and results in enhanced therapeutic effects, when combined with photothermal therapy and reduced general toxicity. In light of these promising in vitro drug-delivery results, the application of DOX-FA-PEG-SWCNTs combined with NIR laser could be extended to enhance the efficiency of cancer therapy in the near future. 
